It is known that solid-state reaction in high-pressure oxygen can stabilize high-oxidation phases of Y-Ba-Cu-O superconductors in powder form. We extend this superoxygenation concept of synthesis to thin films which, due to their large surface-to-volume ratio, are more reactive thermodynamically. Epitaxial thin films of YBa2Cu3O 7−δ grown by pulsed laser deposition are annealed at up to 700 atm O2 and 900
I. INTRODUCTION
The superconducting critical temperature T c of holedoped cuprate tends to scale with their lattice complexity, which is generally correlated with increasing oxidation of the cation block [1] [2] [3] . For the Y-Ba-Cu-O family, best known for YBa 2 Cu 3 O 7−δ (YBCO-123) [4, 5] , earlier studies have shown that solid-state reaction of powder samples in high O 2 pressure can stabilize the formation of higher-oxidation phases such as Y 2 Ba 4 Cu 7 O 15−δ (YBCO-247) and Y 2 Ba 4 Cu 8 O 16 (YBCO-248) [6] [7] [8] [9] [10] . These phases are distinguished by double-CuO chains that either replace or alternate with single-CuO chains, resulting in longer unit cells along the c-axis [11] [12] [13] [14] . More complex phases, with higher ratios of CuO chains to CuO 2 planes, are also believed to exist but have not yet been synthesized, likely due to limitations in thermodynamic stability [15] [16] [17] [18] [19] . Oxidation states of the various Y-Ba-Cu-O phases are listed in Table 1 .
In this study, we extend this superoxygenation concept of oxide synthesis to Y-Ba-Cu-O thin films which, due to their large surface-to-volume ratio, are thermodynamically more reactive than powders or crystals [20] . Epitaxial thin films of YBCO-123 are grown on lattice-matched perovskite substrates by pulsed laser-ablated deposition (PLD), and then post-annealed in high O 2 pressure both at and above the PLD growth temperature. The highpressure annealing is done in conjunction with Cu enrichment by solid-state diffusion, to facilitate the inclusion of extra CuO chains. Scanning transmission electron microscopy (STEM), x-ray diffraction (XRD) and x-ray absorption spectroscopy (XAS) are used to characterize the films. 
II. EXPERIMENTAL
The PLD apparatus used for our experiment is equipped with a KrF excimer laser operating at 248 nm, 2 Hz and 2 J/cm 2 . The ceramic YBCO-123 target used is > 99.9% pure and ∼ 93% dense. Thin films of YBCO-123 were grown on c-axis faces of (LaAlO 3 ) 0.3 (Sr 2 TaAlO 6 ) 0.7 (LSAT) substrates, at 800
• C in 200 mTorr of O 2 . The films were 50 nm thick and 2 nm smooth, as determined by STEM and atomic force microscopy. After deposition, each film was annealed in-situ by cooling at 12
• C/min to 300
• C in 760 Torr of O 2 to ensure proper oxygenation of YBCO-123. The as-grown films were post-annealed with a commercial high-pressure (HP) furnace, at up to 700 atm O 2 and 900
• C, for 12 hours before being cooled in the HP oxygen. During the HP-annealing, each film was buried under YBCO-123 powder enriched with CuO powder, to enable solid-phase diffusion of the excess Cu. For the enrichment, CuO to YBCO-123 molar ratios of 2:1 and 4:1 were used, yielding HP-annealed films that are respectively denoted as Samples A and B in this paper. These samples were annealed in 650 atm of O 2 at 800
• C, which we found was the optimal temperature for driving phase conversion without causing decomposition.
XRD measurements were done using the θ -2θ method with a Bruker D8 DISCOVER X-ray diffractometer. STEM measurements were made with a FEI Titan 80-300 microscope, which is fitted with a high-brightness field emission gun and CEOS aberration correctors for both condenser and objective lens aberrations, and operated at 200 keV in scanning mode. The resulting high-angle annular dark-field (HAADF) images, that are sensitive to atomic-number contrast. XAS measurements were performed at the Canadian Light Source's REIXS beamline using total fluorescence yield (TFY) mode at room temperature [21] . Data was taken for both Cu L edge and O K edge on all samples, with the orientation of the linear polarization aligned along both the in-plane (E ab) and the out-of-plane (E c) directions. Figure 1 compares the STEM and XRD data between our HP-annealed and as-grown films, the former showing significant conversion of YBCO-123 to both YBCO-247 and YBCO-248, as represented by the equations: Fig. 1(a) shows the STEM image taken on the HPannealed Sample A. The double-CuO chains appear as dark stripes and are labelled as D, while the single-CuO chains are labelled as S. In this image we see a gradation of phases, with YBCO-248 occurring near the surface, followed by YBCO-247 below that and then YBCO-123 near the film-substrate interface. This gradation of phases can be understood in terms of a natural tendency for chain-rich Y-Ba-Cu-O phases with higher cation valence to form closer to the film surface, since it is easier for both O and Cu ions to diffuse into the top part than into the bottom part of the film. On the other hand, the STEM image of a typical as-grown film in Fig. 1(b) shows pure YBCO-123 containing only single-CuO chains. Images taken on 1-atm annealed films (data not shown) have similar epitaxy and film purity as those of as-grown films. To corroborate the STEM images, Figs. 1(c) and 1(d) show the XRD patterns for Sample A and the as-grown film respectively. For Sample A, all the peaks associated with YBCO-123, YBCO-247 and YBCO-248 are present, indicating a mixture of phases consistent with the STEM image shown in Fig. 1(a) . For the as-grown film, on the other hand, all the expected XRD peaks associated with the c-axis of YBCO-123 are present, and there are no impurity peaks to within the resolution of our instrument. By relating the YBCO-123 (005)-and (007)-peaks with 2θ = 38.58
III. RESULTS AND DISCUSSIONS
• and 2θ = 55.08
• , respectively, we find a caxis lattice parameter of 11.67Å for our as-grown film, consistent with fully-oxygenated YBCO-123 [22, 23] . The conversion to higher-oxidation phases induced by HP annealing in our YBCO-123 films is enhanced by higher Cu enrichment. Figure 2 compares the XRD data between different HP-annealed films, as well as HPannealed powder serving as a control. Figs. 2(a) and 2(b) show the data for Samples A and B, which were HP-annealed with Cu enrichment using 2:1 and 4:1 molar ratio of CuO to YBCO-123, respectively. In contrast to the mixture of 123, 247 and 248 peaks seen in sample A, almost all the 247 peaks have disappeared from sample B, indicating more thorough conversion to the higher-oxidation 248 phase. On the other hand, there is no sign of phase conversion in powder YBCO-123 samples that were similarly HP-annealed, even for 4 times as long. As evident by the XRD data in Fig. 2(c) , YBCO-123 powder that was HP-annealed for 2 days in 650 atm of O 2 at 800
• C, after being mixed with CuO powder in 4:1 molar ratio, shows only YBCO-123 and CuO peaks, just as before the annealing. This difference between the HP-annealed film versus powder provides strong evidence that the large surface-to-volume ratio of thin films is thermodynamically favoring the phase conversion.
FIG. 2. Comparison of XRD data between different HP-
annealed films, along with a HP-annealed powder serving as control. (a) and (b) show the data for Samples A and B, which were HP-annealed with Cu enrichment using 2:1 and 4:1 molar ratio of CuO to YBCO-123, respectively. (c) shows the data for YBCO-123 powder that was HPannealed after being mixed with CuO powder in 4:1 molar ratio. Whereas higher Cu enrichment promoted conversion to higher-oxidation phases in the thin films, there is no sign of phase conversion in the powder sample. Figure 3 shows the corrected and normalized XAS spectra taken on our as-grown and HP-annealed films. The XAS spectra with E ab are shifted up for clarity. Panel (a) shows the Cu L 3 absorption edge spectra, which arises from the 2p → 3d transition [24] . In the E ab spectra, the main peak at 931 eV is mostly associated with the Cu(2) atoms in the planes, and do not show much variation between different samples. Slightly above the main peak in the E ab spectra, there is a shoulder at 932 eV that is caused by the presence of itinerant holes in the plane [25] [26] [27] [28] . Surprisingly, our data show that both HP-annealed films have fewer holes in the planes than does the as-grown film, because the shoulder is weakened after annealing. Sample A, which contains both YBCO-247 and YBCO-248 in additional to YBCO-123, appears to be more underdoped in the planes than Sample B, which lacks YBCO-247. Since YBCO-248 is known to be inherently underdoped with little oxygen variability [29] , it is reasonable that the as-grown film is less underdoped than any of the HP-annealed films, all of which contain YBCO-248. More interestingly, our data seem to suggest that the film containing YBCO-247 is more underdoped than the films without YBCO-247 because the shoulder at 932 eV is the weakest in Sample A. This observation could explain the generally lower T c reported in pure YBCO-247 samples [30, 31] . On the other hand, in the E c data, the peak near 931 eV is mostly associated with the Cu(1) atoms in the CuO chains [32] . It is clear that Sample B has the strongest peak, followed by Sample A, and the as-grown film has the weakest peak. This observation is consistent with the natural expectation that higher Cu enrichment introduces more CuO chains into the Y-Ba-Cu-O lattice. The O K edge absorption edge spectra is shown in Fig. 3(b) . The peaks at ∼ 529 eV and ∼ 530 eV in the E ab data represent the Zhang-Rice singlet band (ZRSB) and the upper Hubbard band (UHB) respectively, and a shifting of spectral weight from the ZRSB to the UHB indicates a reduction of holes in the planes [32] . The as-grown sample has the weakest UHB spectral weight relative to the ZRSB, while Sample A, which contains large regions of YBCO-247, has the strongest UHB. This observation is again consistent with the XAS data for the Cu L 3 absorption edge, which shows that the sample containing pure YBCO-123 is the least underdoped, and that the sample containing a mixture of YBCO-123, YBCO-248 and YBCO-247 is the most underdoped. In the E c spectrum, the peak at ∼ 529 eV represents the O 2p z states from apical O(4) sites [32] , and this peak in both HP-annealed films are broader than in the as-grown film, implying that HP annealing increases the number of holes in the apical sites. In some of our HP-annealed films, regions with tripleCuO and quadruple-CuO chains were observed, as shown by the high-resolution STEM image in Figure 4 . These regions constitute exotic Y-Ba-Cu-O phases with three and four CuO chains per unit cell, corresponding to YBCO-125 and YBCO-126 respectively, as illustrated in Fig. 4(c) and 4(d) by the lattice structures drawn with VESTA software [33] . YBCO-125 and YBCO-126 have been seen as defect phases in trace amounts before [17, 18, 34, 35] , but not yet been systematically synthesized despite attempts in up to 3000 bar of O 2 [36] . Evidently, the unique thermodynamics of thin-film samples facilitates the formation of Y-Ba-Cu-O phases that do not form in bulk samples. The phase conversion from YBCO-123 to YBCO-125 and to YBCO-126 can be represented by the following equations:
In addition to the structural complexities of YBCO-125 and YBCO-126, it is worth noting that these CuO-chain rich phases may have higher T c , since the T c in cuprates is generally correlated with the distance between CuO 2 planes [37] [38] [39] . Therefore, successful isolation of the YBCO-125 and YBCO-126 phases will provide a unique opportunity to explore novel roles that multiple-CuO chains can play in high T c superconductivity, by manipulating the coupling between CuO 2 planes as well the interplay between CuO chains and CuO 2 planes [40] [41] [42] . Work is under way to refine our HP-annealing and Cuenrichment recipe, towards more robust synthesis of the YBCO-125 and YBCO-126 phases.
IV. CONCLUSION
In summary, we have demonstrated that highoxidation phases of Y-Ba-Cu-O can be synthesized in epitaxial thin-film samples via superoxygenation. The YBCO-123 thin films were grown by PLD on LSAT substrate, and then annealed at up to 700 atm O 2 and 900
• C in conjunction with Cu enrichment by solid-state diffusion. STEM revealed clear formation of YBCO-247 and YBCO-248 phases in the post-annealed films, as well as regions of YBCO-125 and YBCO-126 phases having triple-CuO and quadruple-CuO chains. XRD and XAS measurements showed that higher Cu enrichment resulted in greater phase conversion to higher-oxidation phases, and that similarly annealed YBCO-123 powders do not undergo phase conversion. As proof of concept, our results open a novel route of synthesis towards discovering more complex phases of T c cuprates and other superconducting oxides.
